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Figure S1: Chemical structures of DPPC and the deuterated variants used in this study. The label underneath each lipid shows our naming convention for this manuscript where DPPC is protiated, DPPC-dH is headgroup deuterated, and DPPC-dC is chain perdeuterated. Assuming that transport kinetics do not depend on isotopic variants, we write the following rate equations for the lipid concentration in each compartment:
Section S2: Differential Scanning Calorimetry
This is a first-order, homogeneous system of equations, rewritten in matrix form as:
The characteristic equation is given by:
Further assuming that vesicle 1 and vesicle 2 are identical, the initial conditions for the lipid concentration in each compartment are:
Solving for the inner and outer leaflet concentrations and normalizing to the total initial concentration ( ,0 + ,0 ) gives:
From the initial conditions (identical vesicle 1 and vesicle 2), the vesicle-vesicle exchange kinetics (kx) do not contribute to the observed kinetics, as expected. The concentrations of the inner and outer leaflet lipid (given by Eqs. 1 and 2) are proportional to the inner and outer leaflet peak areas obtained from NMR, normalized to the total area.
Taking the difference in peak areas normalized to the initial difference in peak areas gives:
The flip-flop halftime is found by setting Eq. 3 equal to 0.5 and solving for , which yields:
With measurements at multiple temperatures, an activation energy (Ea) can be determined from an Arrhenius plot (ln(k) vs. 1/T) using the Arrhenius equation (Eqn. 5). The Arrhenius equation relates the rate constant k to Ea, temperature (T), the gas constant (R) and a pre-exponential factor (A). where h is Planck's constant and NA is Avogadro's constant.
